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The ubiquitin-proteasome system targets selected proteins for 
degradation by the 26S proteasome. Rpnl2 is an essential 
component of the 19S regulatory particle and plays a role in 
recruiting the extrinsic ubiquitin receptor RpnlO. In the present 
paper we report the crystal structure of Rpnl2, a proteasomal PCI- 
domain-containing protein. The structure helps to define a core 
structural motif for the PCI domain and identifies potential sites 



through which Rpnl2 might form protein-protein interactions. 
We demonstrate that mutating residues at one of these sites impairs 
Rpnl2 binding to RpnlO in vitro and reduces RpnlO incorporation 
into proteasomes in vivo. 
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INTRODUCTION 

The ubiquitin-mediated protein degradation pathway, through its 
ability to selectively remove proteins from the cell, regulates 
diverse functions that include cell-cycle control, protein quality 
control and transcription regulation. The initial steps in the 
pathway generate proteins that are covalently tagged with a 
polyubiquitin chain that is then recognized by ubiquitin receptors 
of the 26S proteasome. This is a large complex composed of 
a 20S catalytic core particle and two 19S RPs (regulatory 
particles) that catalyses the final step in the pathway [1-4]. 
While the 20S particle composes a catalytic chamber for 
protein degradation, collectively the proteins that compose the 
19S particle perform several proteasomal functions that include 
recognition of ubiquitylated substrates, cleavage of the poly- 
ubiquitin chain for ubiquitin recycling, control of access to the 
20S proteolytic chamber, and substrate unfolding and subsequent 
translocation into the 20S core particle for degradation [1]. 

The 19S RP can be subdivided into base and lid subparticles 
and although its exact composition is dependent on cellular 
context, a set of core components can be identified. The base 
contains the AAA-ATPase subunits (Rptl-6), and two large a- 
helical repeat proteins (Rpnl/2) that serve as a platform for 
binding UBL (ubiquitin-like)-domain-containing proteins [5-8]. 
The lid is composed of six PCI (proteasome, C0P9 signalosome, 
initiation factor 3) repeat-containing proteins (Rpn3, 5-7, 9 and 
12), Rpn8, Rpnl5/Seml and the DUB (deubiquitylating enzyme) 
Rpnll [1,9]. The ubiquitin receptors RpnlS [10,11] and RpnlO 
[12], which have also been considered as base subunits, are 
located peripherally in a distal part of the RP, sited above 
the Rpt4/5 and Rptl/2 heterodimers respectively [13]. Beyond 
these subunits, the DUBs Ubp6/Uspl4, and Uch37/UCHL5, 
and the RP chaperone Rpnl4 are examples of proteasome- 
interacting proteins that frequently co-purify with it [1,2,4]. To 



date Rpnl 1 is the only lid subunit to which a catalytic function has 
been assigned, and it is unclear how the core subunits of the RP 
and the associated interacting proteins co-ordinate their activities 
to carry out their diverse functions. 

A map of protein-protein interactions within the 19S lid has 
been derived from analysis of the lid subcomplex by MS under 
native conditions [14], combined with the results from yeast two- 
hybrid [15] and genetic [16,17] approaches. The map suggested 
a lid organized into two subcomplexes composed respectively 
of Rpn5, 6, 8, 9 and 11, and Rpn3, 7, 12 and Dssl/Seml. 
RpnlO was not detected in the proteasomes analysed by MS. 
Subsequent studies using either MS analysis [18] or protein cross- 
linking [19] with a series of Saccharomyces cerevisiae lid mutants 
confirmed the existence of these assemblies and proposed that the 
lid complex assembles from a core composed of Rpn5, 6, 8, 9 and 
1 1 to which a module consisting of Rpn subunits 3 and 7 and Semi 
subsequently attaches, followed by the incorporation of Rpnl2. 

A more detailed picture of the lid architecture has been 
provided by the recent determination of the structure of the S. 
cerevisiae 19S RP [20] and of the Schizosaccharomyces pombe 
26S proteasome [21] by electron microscopy methods. These 
structures have confirmed a number of the Rpn 12 and RpnlO 
protein interactions previously observed by other methods. The 
six PCI-repeat-containing subunits of the lid, including Rpn 12, 
associate via their PCI domains into a conformationally flexible 
horseshoe-shaped structure. Rpn 12 is at the edge of this structure 
and is flanked by Rpn3 on one side and is also observed to interact 
with the base subunit Rpn2 [21]. Interactions between Rpn 12 
and Rpn3, Rpt3 and Rpn8 have been detected by cross-linking 
[19], and between Rpn 12 and Rpn3 and Rpt3 by yeast two- 
hybrid analysis [15,22] . RpnlO also makes extensive contacts with 
surrounding subunits: the N-terminal vWA (von Willebrand factor 
A) domain binds to Rpnl 1 and Rpn9, whereas its C- terminal UIM 
(ubiquitin-interacting motif) is proposed to contact Rpt4 and Rpt5 
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[13,20,21]. RpnlO has also been reported to bind to Rpnl through 
an interaction stabilized by Rpn2 [8] . 

Although they do not contact each other in the electron 
microscopy reconstruction, Rpnl 2 and RpnlO interact genetically 
[19,23], and the purified proteins bind to each other in vitro 
[23,24]. As well as being an integral proteasomal subunit, a 
substantial fraction of RpnlO can also be isolated from the 
cytosol [23,25]. This RpnlO fraction can engage the polyubiquitin 
receptors Rad23 and Dsk2 through an interaction between their 
respective UIM and UBL domains to regulate the accessibility of 
these receptors to the proteasome [26-28]. 

Translation initiation factor eIF3 (eukaryotic initiation factor 
3) and the C0P9 signalosome (termed CSN) resemble the 
19S proteasome lid in that they also contain multiple subunits 
encoding PCI domains, together with subunits containing MPN 
(Mprl/Padl N-terminal) domains [9,29]. eIF3 is a translation 
initiation factor that is essential for the interaction between 
the 43 S pre-initiation complex and the mRNA transcript [30], 
whereas the CSN complex is an isopeptidase best characterized 
by its ability to de-NEDDylate the cullin subunit present in 
the CRL (CuUin-RING-Ligases) family of E3 ubiquitin ligases 
[31]. The arrangement of subunits in the 19S proteasome lid and 
CSN complexes is proposed to be similar and, by bioinformatic 
analysis, subunits corresponding to each of the six PCI- and 
two MPN-containing proteins in the 19S proteasome lid can be 
identified in the CSN complex [32]. Rpnl2 consists of an N- 
terminal PCI domain followed by a C-terminal tail of unknown 
structure and corresponds to CSN8 and eIF3k. 

In the present paper we report the structure of S. pombe Rpnl 2, 
a PCI-domain-containing protein from the 19S proteasome. 
We have identified potential conserved sites of Rpnl2-protein 
interaction by sequence analysis and, using biophysical methods, 
we demonstrate that the introduction of mutations at two of these 
sites impairs Rpnl 2 binding to RpnlO in vitro. Expression of one 
of these mutants in S. pombe results in reduced incorporation of 
RpnlO into proteasomes and a corresponding accumulation 
of high-molecular-mass polyubiquitin conjugates. 



Table 1 Rpn12 data collection and refinement statistics 

Values in parentheses are for the highest resolution shell. /?sym = E E ^^^^^ ki 



is the intensity of the jth observation of unique reflection h. /?conv = 
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and Fc/, are the observed and calculated structure factor amplitudes for reflection h. Rfree is 
equivalent to /?conv, but is calculated using a 5% disjoint set of reflections excluded fronn the 
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Measurennents 


SAD 


Native 


Data collection ^ 






Wavelength (A) beannline 


0.979 


0.9685 


Beamline 


ESRFID14.EH4 


ESRFID14.EH2 


Space group 


F2i2i2i 


F2i2i2i 


Cell dimensions 






a, b, c [A] 


41.5,91.3,142.7 


41.8, 91.4,143.3 




90, 90, 90 


90, 90, 90 


Data quality 






Resolution [A] 


43.48-1.88 (1.98-1.88) 


42.34-1.59 (1.67-1.59) 


Observations 


44716 


74706 


Completeness [%] 


99.4 (99.3) 


99.7 (99.7) 


Multiplicity 


7.0 (7.0) 


3.9 (3.9) 


//a 


21.9(4.1) 


17.1 (2.5) 


/^sym 


0.057 (0.389) 


0.050 (0.497) 


^pim 


0.032 (0.170) 


0.030 (0.285) 


Anomalous multiplicity 


3.7(3.7) 




Solvent content (%) 


46 


46 


Refinement 






Resolution range [A] 


40.11-1.59 


40.11-1.59 


Number of reflections 


73328 


73328 


^conv/^free [%] 


18.80/22.48 


18.80/22.48 


Average B factor [A2] 


31.97 


31.97 


Rmsd bonds (A) 


0.015 


0.015 


Rmsd angles (°) 


1.525 


1.525 


Protein residues 


442 


442 


Other atoms 


four nitrate ions, 364 water. 


four nitrate ions, 364 water, 




three glycerol and two 


three glycerol and two 




monothioglycerol 


monothioglycerol 




molecules. 


molecules. 


Ramachandran outliers 


0 


0 


Ramachandran favoured (%) 


99.1 


99.1 



EXPERIMENTAL 
Protein preparation 

Full-length S. pombe Rpnl 2 repeatedly purified from recombinant 
Escherichia coli cells as three species suggesting that it is 
prone to degradation. Using limited proteolysis with subtilisin 
A followed by N-terminal sequencing and MS we identified 
three stable fragments truncated at residues 224, 228 and 250. 
Fragments 1-228, 1-250 and the full-length sequence were 
subcloned into pGEX6P-l, expressed in E. coli cells and purified 
by sequential affinity and size-exclusion chromatography. A 
detailed description of the Rpnl 2 purification procedure can be 
found in the Supplementary material (at http://www.BiochemJ. 
org/bj/448/bj4480055add.htm). Rpnl2 mutants were prepared us- 
ing the QuikChange® (Stratagene) method and verified by sequen- 
cing. The integrity of the mutant fold was verified by a comparison 
with the authentic protein using CD (Supplementary Figure 
SI at http://www.BiochemJ.org/bj/448/bj4480055add.htm). Full- 
length RpnlO was expressed and purified as described previously 
[24]. 

Rpn12 crystallization and structure determination 

Rpnl 2 encoding residues 1-228 (Rpnl 2223) in HBS buffer 
[20 mM Hepes, 150 mM NaCl, 0.01% monothioglycerol and 
0.02 % sodium azide (pH 7.5)] was crystallized from a mother 



liquor solution containing 0.2 M sodium nitrate, 0.1 M Bis-Tris 
propane (pH 7.5) and 22.5 % PEG [poly (ethylene) glycol]-3350. 
A native dataset was collected at the ESRF (European Synchrotron 
Radiation Facility, Grenoble, France) beamline ID 14-2 to 1 .6 A (1 
A = 0. 1 nm) from a crystal cryoprotected by the addition of 25 % 
glycerol and flash-frozen in liquid nitrogen. A second SAD dataset 
was collected to 1.9 A at the ESRF beamline ID 14-4 operating 
at 0.979 A on a crystal grown from selenomethionine-derivatized 
protein and crystallized under similar conditions. Initial phase 
information was calculated from a SAD dataset (Table 1). The 
native and SAD datasets were integrated with MOSFLM [33] and 
scaled with SC ALA [34] . For the structure calculation the SHELX 
suite was used [35]. Both datasets were prepared by SHELXC. 
The anomalous signal-to-noise (reported by SHELXC as d'Vcr) 
dropped below 1.5 at 2.3 A, therefore the maximal resolution for 
SHELXD to identify anomalous sites was limited to 2.4 A. This 
search resulted in 14 anomalous sites with an occupancy above 
0.3, consistent with 14 selenomethionine residues per asymmetric 
unit. On the basis of this substructure, SHELXE calculated phases 
for all reflections and optimized these by applying connectivity 
restraints and using solvent-flattening with a solvent content 
of 54 % . This resulted in an electron-density map of sufficient 
quality for most of the molecule to be built. The model was 
refined by several rounds of alternating cycles of refinement in 
PHENIX.REFINE [36] and manual building in COOT [37]. 
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NMR titrations 

^H/^^N HSQC (heteronuclear single-quantum coherence) titration 
samples were prepared at 100 /xM concentration of ^^N-labelled 
RpnlO. All NMR samples contained 5 % ^H20 for deuterium 
locking and 0.5 mM DSS (4,4-dimethyl-4-silapentane-l -sulfonic 
acid) for chemical shift referencing. ^H/^^N HSQC titrations were 
performed at 600 MHz on GE/Omega spectrometers with 102.4 
and 30 ms acquisition times in the direct and indirect dimension 
respectively. Unlabelled Rpnl2 proteins were added in increasing 
amounts up to a 5-fold molar excess. NMR data was processed 
using NMRPipe [38] and analysed using NMRView [39]. 

Fluorescence polarization measurements 

Fluorescently labelled Rpnl2 encoding residues 1-250 (Rpnl225o) 
was prepared by incubating 100 fiM Rpnl225o with a 10-fold 
molar excess of Oregon Green succinimidyl ester (Invitrogen) in 
bicarbonate/HCl (pH 8.5) buffer in a total reaction volume of 1 ml 
for several hours at 4 °C. The reaction was stopped by the addition 
of a 10-fold molar excess of 2-mercaptoethanol and unreacted 
dye and labelled Rpnl225o were separated with concomitant 
buffer exchange into HBS [20 mM Hepes and 150 mM NaCl 
(pH 7.4)] by size-exclusion chromatography. Total fluorescence 
polarization (At) was measured for serially diluted full-length 
RpnlO (0-370 /xM) in HBS containing 100 nM labelled Rpnl225o 
[mutants and WT (wild-type)] in a total volume of 10 /xl 
supplemented to 5 mM DTT (dithiothreitol) using a Pherastar 
FS platereader (BMG Labtech) and fluorescein optic module 
(excitation wavelength 485 nm/emission wavelength 520 nm). 
All samples were measured in black, low protein-binding, 
round-bottomed 3 84- well plates (Corning), and pre-incubated for 
20min at 25 °C. Polarization due to non-specific binding (Aj) 
was measured by adding a saturating concentration (500 /xM) 
of unlabelled Rpnl225o to the buffer (as described in [40]). 
The background fluorescence level at each concentration was 
determined by setting up serial dilutions of 0-370 /xM RpnlO in 
HBS. Gain was calibrated so that a polarization value of 35 
mP was recorded for the zero-point sample. The raw intensities 
were recorded with 200 flashes per point. Raw intensities for 
both channels were collected and corrected for background 
before calculating the measured anisotropy (A^). The binding 
curves were analysed in Prism 5 (GraphPad) using a single-site 
binding model. The polarization specific to the Rpnl225o-RpnlO 
interaction, AS, was calculated as described previously [40]. All 
values were measured in triplicate and are the average of at least 
two independent experiments. 

Yeast metiiods and genetics 

Standard molecular genetic methods and media were used [41]. 
All fission yeast strains were derived from the S. pombe WT het- 
erothallic 972h ~ and 975h+ and are listed in Supplementary Table 
SI (athttp://www.BiochemJ.org/bj/448^j4480055add.htm). The 
WT and K29A/Q76A Rpnl2 mutant genes were each cloned 
into the pDUAL S. pombe expression vector and subsequently 
transformed into an Rpnl2^ heterozygous diploid strain and the 
mts3-l mutant allele [42]. For the insertion of the FLAG tag at 
the 3' end of the Rpnl + gene, the pFA6a-5FLAG-natMX6 vector 
was used (purchased from Addgene, [43]) and the FLAG tag 
epitope together with the antibiotic marker natMX6 were PCR- 
amplified and fused in-frame with the 3' segment of the ORF 
(open reading frame) of the Rpnl^ gene. Rpnl -FLAG protein 
was then expressed under the control of its native promoter at its 
own genomic locus. 



Spot assays 

Cultures (5 ml) of Rpnl2 WT and K29A/Q76A mutant S. 
pombe strains were grown overnight at 25 °C in PMG medium 
supplemented with adenine (20 /xg/ml) and nourseothicin (HKI, 
Jena) (100 /xg/ml). The D (at 595 nm) of the cultures was adjusted 
to 0.5 and six 4-fold serial dilutions were made. Then, 5 /xl of each 
dilution were spotted on to PMG agar plates and the plates were 
incubated at 20, 25, 30 and 36 °C for 5 days. 

Affinity purification of the 26S proteasome and Western blotting 

26S proteasomes were isolated from both Rpnl 2 WT and mutant 
S. pombe tagged strains using a protocol modified from that 
described in [44] . A detailed description of the modified protocol 
can be found in the Supplementary material. Western blots were 
probed with anti-Pusl (RpnlO) [23] and anti-FLAG (Sigma) 
antibodies and quantified with the ImageQuant software using 
an ImageQuant LAS 4000 CCD (charge-coupled device) camera 
system (GE Healthcare). 

Stabilization of ubiquitin conjugates 

Rpnl2 WT and K29A/Q76A mutant together with a RpnlOA S. 
pombe strain were grown at the permissive temperature (25 °C) 
to an D595nm of 0.6. Half of the cells were harvested, washed with 
distilled water and frozen at — 20°C. The remainder of the cells 
were then shifted to 36 °C and incubated for an additional 6h. 
Cell lysates were analysed by Western blotting using a polyclonal 
anti-ubiquitin antibody (Dako). Blots were also developed with 
an anti a -tubulin antibody as a loading control. 



RESULTS 

The structure of Rpn12 

Full-length S. pombe Rpnl 2 repeatedly purified from recombinant 
E. coli cells as three species as seen by SDS/PAGE, suggesting 
that it is prone to degradation. Using limited proteolysis with 
subtilisin A followed by N-terminal sequencing and MS we 
identified three stable fragments truncated at residues 224, 228 
and 250 (Supplementary Figure S2 at http://www.BiochemJ. 
org/bj/448/bj4480055add.htm). The crystal structure of Rpnl2228 
was solved by selenium SAD (single wavelength anomalous 
dispersion) and refined at 1.6 A resolution (Figure 1 and Table 1). 
The crystals contained two molecules in the asymmetric unit 
linked via a disulfide bridge between their respective Cys^^^ 
residues. We presume that this covalent bond is a crystallization 
artefact as Rpnl 2228 is monomeric in solution as judged by size- 
exclusion chromatography. The symmetric interface between the 
chains is mediated by residues from their respective WH (winged 
helix) domains, including VaP^^, Tyr^^^ and Leu^^"^. The model 
for chain A contains residues 1-222 and an N-terminal Gly-Pro- 
Leu-Gly-Ser cloning artefact; that for chain B contains residues 
5-224. Both chains carry a monothioglycerol adduct on Cys^^. 

The S. pombe Rpnl 2 structure consists of an N-terminal TPR 
(tetratrico peptide repeat) -like domain and a C-terminal WH 
domain. Unlike human Rpnl 2, the S. pombe Rpnl 2 sequence 
does not have a long N-terminal extension prior to the start of the 
PCI domain (Supplementary Figure S2). The TPR-like domain 
contains four repeats, each comprising two anti-parallel helices 
with a short helix (a 7) inserted into the loop linking repeats 
3 and 4. Together, the repeats form an elongated superhelix in 
which consecutive motifs are rotated by 20°. A long helix (a 10), 
referred to as the 'capping' helix [45], packs against the last repeat 
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Figure 1 The structure of Rpn12 

A stereo view of Rpn12. Rpn12 (predominantly grey) consists of four TPR-like repeats coloured blue (7-35), green (44-82), yellow (91-117) and red (128-154) connected via a long helix (alO) to 
a WH domain (orange). Secondary structural elements are labelled. 



and connects to the WH domain to give the molecule a banana-like 
shape, with convex and concave surfaces. 

An alignment of diverse eukaryotic Rpnl2 sequences defines 
27 completely conserved residues (Supplementary Figure S2). 
Of these, 23 are included in the Rpn 12228 structure, with the 
majority being hydrophobic, and playing structural roles. One 
cluster composed of conserved residues, Leu^^, Phe^^^ and Leu^^^ 
together with VaP^^, VaP^^ and Leu^^"^ forms the interface between 
helices a5, a6 and a8. The side chain of Phe^^ and that of Phe^^^ 
at the start of a 10 make a ring-face interaction as part of a 
hydrophobic cluster that also includes Leu^^ and extends back to 
stabilize the packing of helices a3, a4 and a5. Trp^^^ and Leu^^^ 
form the nucleus of the hydrophobic core of the WH domain. 

Glu^^ is the only buried, conserved and charged residue. Its 
carboxylate group makes a hydrogen bond to the side-chain 
hydroxy group of Tyr^^ that is also identical across species, 
presumably to correctly align a3 and a4. Similarly Arg^^^, 
although partially sol vent- accessible, makes hydrogen bonds 
between its guanidinium group and the backbone carbonyl groups 
of Leu^^^ and Tyr^^^ to stabilize the start of the loop structure 
linking the two helices of the WH domain. 



Comparison with elF3k, CSN7 and Rpn6 

The PCI domains of eIF3k [46], CSN7 [47] and Rpn6 [48] have 
been structurally characterized, revealing a bi-partite fold in which 
a TPR-like-containing domain is associated with a WH domain. 
The TPR-like-containing domains from Rpn 12 (Figure 2A), 
eIF3k (Figure 2B), CSN7 (Figure 2C) and Rpn6 (Figure 2D) 
vary in the number of helices, in the helix and linker lengths, 
and in the relative orientations of the helices to generate different 
tertiary folds. The WH domains, despite showing little sequence 



conservation (e.g. 13 % identity for Rpnl 2 compared with eIF3k), 
are structurally well conserved. A superimposition of the four 
structures shows that the WH domains of CSN7, eIF3k and Rpn6 
align to that of Rpn 12 with an rmsd (root mean square deviation) 
of 1.83, 1.30 and 1.78 A respectively over 50 equivalent residues 
(Figure 2E). A global superimposition of the structures excluding 
their respective WH domains shows that they align reasonably 
well over a longer region that includes two TPR-like repeats, 
the capping helix and the WH domain (Figure 2). Structural 
variability within this core manifests principally as variation in 
the relative disposition of the WH and TPR-like subdomains. 
These common elements are extended by one helix in CSN7, 
one TPR-like repeat in eIF3k, two TPR-like repeats in Rpn 12 
and five TPR-like repeats in Rpn6. In addition, eIF3k has an N- 
terminal leader helix that does not superimpose with either of 
the helices in the first Rpn 12 repeat. This structural divergence 
extends into the first eIF3k TPR-like repeat: Rpn 12 repeat 2 has a 
much longer first helix (a 3), and eIF3k a longer loop linking the 
helices so that the second helices of each are displaced relative to 
the other (compare Figures 2A and 2B). 

The structurally equivalent elements of the Rpn 12, Rpn6, eIF3k 
and CSN7 TPR-like-containing and WH domains are scaffolded 
by a further common element, namely the linker helix between 
the TPR-like repeats and the WH domain. Towards its N-terminus 
this helix interacts intimately with the two preceding TPR-like 
repeats, and towards its C-terminal end it contributes to the three 
helical bundle of the WH domain. The structural homology of 
Rpn 12, Rpn6, eIF3k and CSN7 is most apparent within this 
region, supporting a model in which the two TPR-like repeats, the 
linker helix and the WH domain constitute a common structural 
core of PCI domains. 

The crystallized construct lacks 42 C-terminal residues of au- 
thentic S. pombe Rpn 12. This sequence includes a well-conserved 
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Figure 2 Structure of Rpn12 and comparison with other PCI-fold proteins 

Comparison of Rpn12 (A) with the complete PCI domains from elF3K [PDB code 1 RZ4 (B)], CSN7 [PDB code 3CHM (C)] and Rpn6 [PDB code 3TXN (D)]. The structures were superimposed on the 
basis of equivalent residues within the TPR-containing subdomains. The divergence in the direction that the linker helix takes in the different structures is apparent. The WH domain and TPRs that 
are common to Rpn12 are coloured according to the colours in Figure 1. C-terminal extensions of elFSK and CSN7 are coloured magenta. Secondary structural elements of Rpn12 are labelled, and 
secondary structural elements of the WH domains of each of the other proteins are labelled according to their equivalent element in Rpn12. (E) A stereo view. Superimposition of the WH domains of 
Rpn12 (orange), elF3k (magenta), CSN7 (cyan) and Rpn6 (light blue). 



motif of 13 amino acids, attached via a linker of variable 
length (Supplementary Figure S2). In S. cerevisiae, mutations 
to Rpnl2 Ile^^^ and Glu^^^ within this C-terminal motif disrupt 
its association respectively with the lid subparticle and the RP 
base [19]. The corresponding 32 C-terminal residues of Rpn6 
are presumed to be disordered in the crystal structure and 
were also found to be proteolytically sensitive [48]. However, 
in eIF3k and CSN7 the corresponding C-terminal tails extend 
beyond the WH domain along the concave surface of the fold as 
unstructured peptides (Figure 2). Given the observed conservation 
of structure between eIF3k, CSN7 and Rpnl2 and the conserved 
amphipathic nature of this tail motif, we speculate that the Rpnl2 
C-terminal tail may be conformational^ flexible and adopt a 
similar extended structure in which the conserved C-terminal 
motif constitutes either an inter- or intra-molecular interac- 
tion motif. 



Identification of potential sites of Rpn12-protein interaction 

Rpnl2 lacks extended hydrophobic surfaces that might suggest 
sites of protein-protein interaction (Figures 3 A and 3D). There 
are, however, seven Rpnl2 residues that are both solvent-exposed 
and identical across diverse eukaryotic species. Six of these 
residues (His^^^^ Met^^i^ qi^hi^ q^^us^ q^^ha gIu^^^), together 
with the majority of the highly conserved amino acids, are located 
at the end of the TPR-like domain on the convex side of Rpnl2, 
suggestive of a protein-binding site (Site 1, Figures 3B and 3E). 
This patch involves a 6 and a 7 and extends into the WH domain 
via the long capping helix. Met^^^ and Glu^"^^, within the Met- 
Glu-Gly motif at the end of a8, together with Glu^^"^ in a 10, 
further contribute to this conserved surface. Gly^^^ His^^^ and 
Glu^^^ appear to play structural roles in addition to their possible 
role in protein-protein interactions. 
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Figures Rpn12 surface properties 

(A and D) Poisson-Boltzmann electrostatic potential mapped on the molecular surface. Positive and negative charge are shown in shades of blue and red respectively ranging from values of + 0.5 
kT/e to - 0.5 kT/e. (B and E) Sequence conservation. Conserved surface residues were identified with CONSURF [51] and visualized using CCP4MG. The calculated conservation scores range 
from 1 (low) to 9 (high). Residues scoring <5 are coloured in white, those scoring 5-8 are highlighted with a gradient from white to green and those scoring >8 are in dark green. (C and F) View 
of Rpn6 in equivalent orientations, highlighting functionally important regions involved in intersubunit contacts. Peptide motifs at the heart of conserved Rpn6 patches are coloured green (Region I, 
residues 230-234), red (Region II, residues 366-370) and yellow (Region III, residues 340-343). (A-C) present the same view (similar to that in Figure 1), whereas (D-F) are rotated 180° around 
a vertical axis. 



©2012The Author(s) 



The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.Org/licenses/by-nc/2.5/) 
which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited. 



Rpn12 PCI domain structure 61 



A second smaller solvent-exposed conserved patch (Site 2) 
is located between TPRs 1 and 2 and is composed of residues 
Leu^^ Lys^^ Phe^^ and Gln^^ (Figure 3E). Phe^^ makes a face-to- 
face packing interaction across a crystallographic symmetry axis, 
supporting the hypothesis that this patch might be an Rpnl2- 
protein interaction site. 

The determination of the structure of Rpn6 has allowed the use 
of conservation mapping to propose likely sites of intermolecular 
interaction in another PCI-containing component of the RP [48]. 
This analysis identified three surfaces (regions I-III, Figures 3C 
and 3F) that might mediate protein-protein contacts, and a further 
set of conserved charged residues that might also be involved in 
inter- subunit interactions. Of these patches, region III, together 
with a conserved but structurally flexible C-terminal helix, was 
shown by mutagenesis and pull-down assay to mediate binding 
to Rpn7. By docking the Rpn6 structure into a 9.1 A resolution 
cryo-EM (cryo-electron microscopy) reconstruction, it was also 
possible to propose the participation of region I and the positively 
charged cluster in contacts with Rpt6 and Pre8 respectively. 
Region II corresponds approximately to Site 1 of Rpnl2, whereas 
the extended Region I of Rpn6 spans the amino acids that 
constitute Site 2 in Rpnl2. 

The interaction between Rpn12 and Rpn10 

RpnlO is composed of an N-terminal vWA domain and a C- 
terminal tail that encodes one (in yeast) or two (in higher 
eukaryotes) helical UIMs. We have shown by NMR that the 
interaction between Rpnl2 and RpnlO is mediated by residues 
from both the vWA domain and the UIM of RpnlO, suggesting 
an extended interaction between the two proteins [24]. In order 
to further characterize this interaction, three Rpnl2 mutants were 
constructed by changing conserved surface-exposed residues to 
alanine. Lys^^ and Gln^^ contribute to Site 2, whereas Asn^^^, His^^^ 
and Glu^^^ contribute to Site 1. Tyr^^^ is at the end of the capping 
helix (Figure 3B). In order to measure the affinity of authentic 
and mutant Rpnl2 proteins for RpnlO, fluorescence polarization 
of fluorescently labelled Rpnl225o was measured in the 
presence of increasing concentrations of full-length RpnlO 
(Figure 4A). Under these conditions, the interaction between 
Rpnl225o and RpnlO displays a of 17.8 ± 2.7 ^M. In contrast, 
the affinities between RpnlO and the Rpnl225oK29A/Q76A 
double and Rpnl225oN106A/H112A/E116A triple mutants were 
respectively approximately 3.5- (61.1 + 9.3 /xM) and 10- 
(182 + 35 /xM) fold lower, suggesting that the residues mutated 
in these proteins contribute to the RpnlO-binding site. 

To confirm this result, we exploited the assigned RpnlO ^H^^N 
HSQC spectrum [24]. WT Rpnl225o and each mutant were added 
in 5-fold excess to ^^N-labelled RpnlO. Binding of Rpnl225o to 
RpnlO results in the formation of a 48 kDa complex that precludes 
unambiguous identification of the residues that form the binding 
site of Rpnl2 on RpnlO. However, peaks assigned to residues 
around the linker sequence between the RpnlO vWA domain and 
UIM undergo concentration-dependent chemical- shift changes 
that report on the Rpnl0-Rpnl2 interaction. 

Using this approach, the chemical- shift changes that 
accompanied addition of the Rpnl225oY183A mutant were 
identical with WT (Figures 4B and 4C). Addition of 
Rpnl225oN 106 A/HI 12A/E1 16A caused reduced binding-induced 
chemical- shift changes, indicating a decrease in the affinity 
compared with the WT protein (Figure4D). Rpnl225oK29A/Q76A 
showed significantly decreased binding to RpnlO, as the ^H^^N 
RpnlO spectrum in the presence of the mutant was identical with 
that in its absence (Figure 4E). Taken together, the biophysical 
and structural analyses suggest two possible RpnlO-binding sites 



on Rpnl2. The first (Site 1) includes residues Asn^^^, His^^^ and 
Glu^^^ The second (Site 2) is centred near Gln^^ and Lys^^ 
and probably includes Phe^^ . However, by analogy with the related 
structures of eIF3k and CSN7, Site 1 is hypothesized to possibly 
interact with a C-terminal extension of Rpnl2 that was included 
in the fragment used for biophysical measurements, but not in the 
crystallized construct, so that Site 1 mutations might be affecting 
RpnlO binding indirectly. We therefore continued our further 
functional analysis using the Rpnl2 Site 2 mutant. 



Proteasomes incorporating mutant Rpn12 protein rescue an 
rpn12+ deletion strain but are impaired for RpnlO binding 

To test in vivo whether Lys^^ and Gln'^^ residues are important 
for the interaction of Rpnl2 with the proteasome, the Site 2 
mutant as well as the authentic version of the rpnl2^ gene 
were cloned and expressed from the S. pombe expression vector 
pDUAL [49]. We first tested whether this mutant could rescue 
the temperature- sensitive phenotype of the mts3-l strain, which 
carries a point mutation in the essential rpnll^ gene [42]. It was 
found that the mutant version rescued as well as WT. We further 
assessed the Lys^^/Gln^^ mutant by testing its ability to function 
under more stringent conditions and rescue a complete deletion of 
rpnl2 + . The plasmids containing the authentic and mutant Rpnl2 
gene were each transformed into a heterozygous rpnll^ diploid 
deletion strain where one of the authentic ORFs was replaced 
with the ura4^ selectable marker [42]. Strains were sporulated 
and both the deletion and expression plasmid were selected for 
by looking for haploid cells that were prototrophic for uracil and 
leucine. As shown in Figure 5(A), the mutant version rescued a 
complete deletion of the rpnl2 + gene as well as WT. We conclude 
from these results that the K29A and Q76A mutations did not 
significantly affect the essential function(s) of the Rpnl2 subunit. 

Although, the Rpnl2 mutant was able to rescue the lethal 
phenotype of the rpnl2^ deletion, we postulated that it could still 
effect the incorporation of the RpnlO subunit into the proteasome 
in vivo, given that the rpnlO^ gene does not encode an essential 
subunit. To test this, we used the r/7n72 + deletion strains carrying 
the Site 2 K29A/Q76A mutant and WT expression plasmids 
shown in Figure 5(A) and tagged the rpnl^ gene encoding 
another proteasomal subunit with a FLAG epitope. We then 
affinity-purified the proteasome from these strains (Figure 5B) and 
assayed the incorporation of RpnlO in the complex by Western 
blot analysis using an anti-RpnlO antibody [23]. As shown in 
Figure 5(C), the amount of RpnlO protein present in proteasomes 
isolated from the mutant strain was significantly reduced. When 
digitally quantified, a 12-fold difference was calculated for the 
amount of RpnlO between the WT and mutant Rpnl2-derived 
26S preparations. 

In light of the misincorporation of RpnlO into the proteasome 
complex, we then tested whether the K29A/Q76A Rpnl2 mutant 
was phenotypically similar to an RpnlO-null deletion and shows 
an accumulation of polyubiquitin conjugates. Western blot 
analysis of cell extracts from the Rpnl2 mutant strain did indeed 
show an accumulation of ubiquity lated proteins, suggesting 
impaired proteasomal function presumably as a consequence of 
the reduced incorporation of RpnlO in the proteasome (Figure 5D) 
[23]. Taken together, these results show that a significant function 
of Rpnl2 is to recruit RpnlO to the proteasome. 

DISCUSSION 

Biochemical and biophysical studies have demonstrated that 
Rpnl2 is essential for proteasome integrity and deletion of 
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Figure 4 Characterization of the interaction between Rpn12 and Rpn10 

(A) Fluorescence polarization measurements. Binding of Rpn10 to Rpn12 (magenta), Rpn12 N106A/H112A/E116A (green) and Rpn12K29A/Q76A (orange). (B-E) NMR titrations of Rpn10 and 
Rpn12. The spectrum of ^H^^N Rpn10 is shown in each panel (black) and overlaid with the spectra collected in the presence of a 5:1 excess of ligands. (B) Rpn12 (red), (C) Rpn12Y183A (blue) 
and Rpn12 (red), (D) Rpn12N106A/H112A/E116A (cyan) and Rpn12 (red), and (E) Rpn12K29A/Q76A (green). Rpn10 residues 196 and 206 in the linker sequence are labelled. 



the gene in S. cerevisiae [50] and S. pombe [42] is lethal. Further 
genetic dissection of the function of Rpnl2 revealed that the 
temperature-sensitive S. pombe mts3-l allele encodes a version 
of Rpnl2 that is truncated at residue 197 and that this allele 
is synthetically lethal with an RpnlO deletion [23]. The Rpnl2 
structure reveals that this allele removes the WH domain and 
the C-terminal tail and helps to confirm the importance of these 
substructures for Rpnl2 function and for proteasome integrity. 
The synthetic lethality observed in the mts3-lArpnlO strain points 
to a significant functional link between the two proteins. On the 
basis of the observed activity of the Rpnl2K29A/Q76A mutant 
in vivo we would propose that this link is a requirement for the 
presence of Rpnl2 as a prerequisite for successful incorporation 
of RpnlO into the proteasome. This conclusion is in agreement 
with recent models for the assembly of the 19S lid complex which 
propose that inclusion of Rpnl2 is the last step before the binding 
of RpnlO [18,19]. 

Our in vitro experiments support a direct interaction between 
Rpnl2 and RpnlO that is not apparent in the current cryo- 
EM structures of the 19S RP, which present a snapshot of the 
RP in which Rpn2 binds to Rpnl2 through the site on Rpnl2 



that we have found to bind to RpnlO (F. Foerster, personal 
communication). To reconcile our data with these structures, 
we have considered three possible models. In the first model, 
conformational changes during a cycle of substrate turnover 
expose the RpnlO-binding site on Rpnl2 to facilitate RpnlO 
binding and hence substrate recruitment and/or processing. In this 
model, Rpn2 may provide the functional as well as the structural 
link between the activities and locations of Rpnl2 and RpnlO: 
binding of a ubiquitylated substrate-RpnlO complex to Rpnl 
may trigger the hypothetical reconfiguration of the Rpn2-Rpnl2 
subcomplex. 

In a second model, the site that we have identified acts as 
a co-receptor for the cytoplasmic pool of RpnlO, rather than 
the stably integrated RpnlO subunit. Docking of cytoplasmic 
RpnlO, possibly as a ternary RpnlO-UBA/UBL receptor- 
substrate complex to Rpnl may elicit a conformational change 
or relocation of Rpn2 to allow RpnlO to bind to Rpnl 2. 

In a third model, the interaction that we have observed between 
Rpnl 2 and RpnlO reflects the propensity of both molecules to 
form protein-protein interactions, rather than their participation 
in a contact in an authentic functional state of the RP. The 
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Figure 5 Proteasomes containing the Rpn12K29A/Q76A mutant show decreased incorporation of Rpn10 

(A) Rpn12K29A/Q76A rescues Rpn12A S. pombe cells as well as WT Rpn12. Strains were cultured overnight at 25°C and 4-fold serial dilutions were spotted on to PMG plates and incubated 
at 20, 25, 30 and 36°C. Images were taken after 5 days. (B) SDS/PAGE (4-12% gradient) of the 26S proteasome preparations from Rpn12A S. pombe expressing WT Rpn12 (wt Rpn12) and 
Rpn12K29A/Q76A mutant (mut Rpn12) respectively. 19S regulatory and 20S core subunits are indicated. (C) Rpn10 incorporation into the proteasome is reduced in Rpn12A fission yeast cells 
expressing the mutant Rpn12 subunit. Top panel: Western blotting of proteasomes isolated from the indicated strains using an anti-Rpn10 antibody. Bottom panel: Western blotting using an antibody 
against the FLAG epitope indicating equal loading of cell extract and isolated proteasomes. Vertical bars denote grouping of samples from different parts of the same gel. (D) Ubiquitin conjugates 
are accumulated in Rpn12A fission yeast cells expressing the mutant Rpn12 protein. RpnIOA, WT Rpn12 and mutant Rpn1 2 strains were grown to exponential phase at the permissive temperature 
(25 °C). Half of each culture was then shifted to the restrictive temperature (36 °C) for 6 h. Cell extracts were prepared and analysed by Western blotting for the accumulation of polyubiquitin 
conjugates using an anti-ubiquitin antibody (top panel). The blot was also probed with an a-tubulin antibody as a loading control (bottom panel). For all gels, the molecular mass in kDa is indicated. 
CBB, Coomassie Brilliant Blue; Ub, ubiquitin. 



micromolar affinity that we have measured is typical of protein- 
protein interactions that contribute to the structure and stabihty 
of large multisubunit complexes, but can also occur for non- 
cognate protein-protein interactions. Recent cryo-EM maps show 
that the surface of Rpnl2 defined by Lys^^/Gln^^ is occupied 
by a helix from Rpn2in one conformational state of the RP 
(Supplementary Figure S3 at http://www.BiochemJ.org/bj/448/ 



bj4480055add.htm; F. Foerster, personal communication). We 
have previously reported that the helical UIM of RpnlO binds to 
Rpnl2 [24] . Whether our biophysical measurements are reporting 
on an opportunistic interaction of the RpnlO UIM with a site that 
normally accommodates an helix from Rpn2, and the functional 
significance of any potential alternative helical interactions remain 
to be determined. In this model, it is necessary to invoke an indirect 
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effect of mutating Rpnl2 Lys^*^ and Gln^^ on the association of 
RpnlO to the proteasome. This effect could arise through the 
mutations interfering with the function of Rpnl2 subsequent to 
its integration into the proteasome, making it incompatible with 
the subsequent integration of RpnlO. 

Taken together, the first two models share the hypothesis that 
binding of ubiquitylated substrates to the proteasome results 
in a rearrangement to the structure of the RP that affects 
interactions made by Rpnl2. In addition to delineating an 
important element in the 19S protein-protein interaction network, 
by significantly depleting proteasome incorporation of RpnlO, the 
Rpnl2K29A/Q76A mutant strain also provides a tool to dissect 
the roles of RpnlO as a proteasomal and cytoplasmic ubiquitin- 
binding protein. 
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EXPERIMENTAL 

Expression and purification of Rpn12 

The vector pGEX-6P-l containing full-length S. pombe Rpnl2 
was transformed into BL21(DE3) cells and plated on to LB 
(Luria-Bertani) agar containing 100 /xg/ml carbenicillin. A 
single colony was grown overnight at 37 °C in 5 ml of LB 
supplemented with 100 /xg/ml carbenicillin and then used to 
inoculate 1 litre of autoinduction medium [1] also supplemented 
with 100 /xg/ml carbenicillin. Cultures were grown at 37°C with 
vigorous shaking until the i^eoonm reached 0.6. The temperature 
was then reduced to 20 °C and the incubation continued for a 
further 20 h. Cells were harvested by centrifugation (3500 g for 
25 min) and the supernatant was discarded. The pellet was re- 
suspended in 25 ml of buffer (20 mM Hepes, 150 mM NaCl, 
0.01% monothioglycerol and 0.02% sodium azide, pH7.5) 
supplemented with an EDTA-free protease-inhibitor cocktail 
tablet (Roche) and then flash-frozen in liquid nitrogen and stored 
at — 80°C. Proteins were purified by affinity chromatography. 
Cell pellets were thawed under running cold water and then 
lysed by four cycles of homogenization at 12000-20000 psi 
(1 psi = 6.9 kPa). Cell debris was removed by centrifugation 
(40 000 g for 45 mins), the supernatant was loaded on to a 
glutathione-Sepharose column (GE Healthcare) pre-equilibrated 
with HBS buffer and then the column was washed to baseline with 
several column volumes of HBS. GST (glutathione transferase)- 
Rpnl2 was eluted using 20 mM reduced glutathione (pH 8.0) 
in HBS. The eluate was then concentrated to 10 ml, and the 
fusion protein cleaved with 3C (molar ratio of 1:500) on a 
rotating wheel overnight at 4 °C. Rpnl2 was subsequently purified 
by size-exclusion chromatography (Superdex75 HiLoad 26/60) 
equilibrated in HBS. Rpnl2-containing fractions were pooled and 
re-applied to a fresh glutathione-Sepharose column equilibrated 
in HBS to remove any residual GST. Rpnl2 proteins prepared 
for NMR spectroscopy were similarly prepared except that 
PBS buffer (50 mM NaCl, 25 mM sodium phosphate, 0.01% 
monothioglycerol and 0.02 % sodium azide, pH 6.5) replaced 
HBS in the final size-exclusion and affinity-chromatography 
steps. Full-length S. pombe Rpnl2 repeatedly purified from 
recombinant E. coli cells as three species as judged by 
SDS/PAGE suggesting that it is prone to degradation. Using 
limited proteolysis with subtilisin A followed by N-terminal 
sequencing and MS we identified three stable fragments truncated 
at residues 224, 228 and 250. Fragments 1-228 and 1-250 were 
subcloned into pGEX6P-l and purified as for the full-length 
protein. 



Affinity purification of tlie 26S proteasome 

26S proteasomes were isolated using a modified protocol as 
described previously [2]. Both Rpnl2 WT and mutant S. pombe 
tagged strains were grown in PMG medium to a D^^^^^ of 0.6-0.8 
at 25 °C. Adenine and nourseothicin antibiotic were also added 
to a final concentration of 20 /xg/ml and 100 /xg/ml respectively. 
Cells were harvested and washed twice with distilled water and 
then frozen at — 80 °C until further use. Cells, typically obtained 
from 250 ml cultures, were thawed and then dissolved in 250 /xl of 
buffer A (50 mM Tris, pH 8.0, 50 mM NaCl, 25 mM MgCl2, 10 % 
glycerol, 0.1% Triton X-100 and 10 mM ATP) supplemented 
with a protease inhibitor cocktail tablet (Roche) and 1 mM PMSF 
and lysed using glass beads using a FastPrep-24 cell disruptor 
(MP Biomedicals). Cell extracts were centrifuged at 22 000 g for 
45 min at 4°C and 30 /xl of Sepharose A beads (GE Healthcare) 
were added to the supernatant. Following 30 min incubation at 
4°C the mixtures were centrifuged at 3000g for 5 min and the 
supernatants were recovered and incubated (equal amounts of 
protein were added) with 40 /xl of anti-FLAG M2-agarose beads 
(Sigma) for 2 h at 4 °C. The mixtures were constantly rotated dur- 
ing both incubations. The beads were washed six times with buffer 
B (as buffer A but with 150 mM NaCl) and the bound 26S pro- 
teasome complex was released by boiling the beads in 4x SDS- 
containing electrophoresis buffer at 95 °C for 5 min. 26S protea- 
some complex composition was confirmed by SDS/PAGE using 
a 4-12 % gradient gel (Invitrogen). Following SDS/PAGE, eluted 
proteins were transferred on to a PVDF membrane for Western 
blot analysis. 

Cliaracterization of Rpn12 by CD 

The integrity of the Rpnl2 fold was assessed by CD (Figure 
SI). Full-length WT and K29A/Q76A Rpnl2 were expressed 
and purified as described above except that the proteins were 
exchanged into 20 mM sodium phosphate buffer, pH 6.0, 100 mM 
NaCl, 5 mM DTT (dithiothreitol) during the size-exclusion 
chromatography step and the subsequent glutathione-Sepharose 
4B column was also equilibrated in this buffer. All CD 
measurements were taken on a Jasco J-810 spectropolarimeter at 
20 °C. A buffer baseline was subtracted from the protein spectrum 
for each experiment, the analysis buffer consisting of lOmM 
sodium phosphate buffer, pH 6.0, 50 mM NaCl and 2.5 mM DTT. 
The far-UV CD spectra (190-250 nm), was measured using a 
0.2 mm Hellma quartz cuvette, a 2nm bandwidth and a scan 
speed of 20 nm/min with a response time of 4 s. The spectra were 
recorded as three averaged accumulations, and displayed as 
(M~ ^ -cm" 0 calculated using the mean residue concentration. 
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CD 



Comparison of the authentic and K29A/Q76A Rpn12 proteins by 



Overlay of the CD spectra for the authentic and Rpn12 K29A/Q76A mutant protein folds (green 
dotted, WT; blue solid, mutant). The measurements were taken at 20 °C. Each spectrum is an 
average of five scans and has been corrected for the buffer baseline, a 0.2 mm light path and the 
protein concentration on a mean residue basis. 



Table SI Strains used in the present study 



Strain 



Source 



mts3-1leu1.32h- 

ade6M210/ade6M216leu1.32/leu1.32rpn12+ /rpn12::ura4+ ura4- 

D18/ura4-D18h+/h- 
ade6M210leu1.32pmpn12+ rpn12::ura4+ ura4-D18h- 
ade6M210leu1.32plNTrpn12'^'^rpn12::ura4+ura4-D18h- 
ade6M210leu1.32pmpn12+ rpn1::FLAGrpn12::ura4+ ura4- 

D18h- 

ade6M210leu1.32plNTrpn12''''rpn1::FLAGrpn12::ura4+ura4- 
D18h- 
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Figure S2 Sequence alignment of Rpn12 orthologues 

The sequences of Rpn12 orthologues were aligned with ClustalW2 alignment software [3]. Similarity scores were calculated with the Risler matrix [4] and coloured accordingly. The WH domain is 
indicated by an orange bar and the repeats of the TPR-like domain are highlighted in different tones of blue. Coloured arrows indicate sets of mutations on the basis of surface conservation analysis. 
The vertical black bars labelled 3, 4 and 5 mark the sites of subtilisin A cleavage. Bars 1, 4 and 5 also represent the ends of the constructs used for NMR assignment (residue 175), structure 
determination (residue 228) and biophysical characterization (residue 250) respectively. Bar 2 indicates the end of the Rpn1 2 sequence present in the S. pombe Mts3-1 mutant [5]. 
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Figure S3 Fit of Rpn12 and Rpn2 in a cryo-EM map of the 19S regulatory 
particle 

Rpn12, coloured according to the scheme defined in Figure 1 of the main text, is shown in ribbon 
representation, with the locations of the Site 2 residues that we have targeted by mutagenesis 
(Lys^^ and Gln^^) highlighted in CPK representation. Rpn2 is shown in ribbon representation, 
colour-ramped from the N- to the C-terminus. The cryo-EM map, contoured at 1 S.D., as well 
as the docked Rpn subunits were kindly provided as a personal communication (F. Foerster). 
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